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Simulation of an AD 8099 Operational Amplifier for Use in the 
Readout Electronics of Cosmic Ray Muon Detector   
 
Gracyn Jewett and Dr. David Joffe (Faculty Advisor) 
 
Kennesaw State University 
ABSTRACT 
An AD 8099 Operational Amplifier was simulated in LT Spice in both one-stage and two-stage 
configurations for use in amplifying pulses coming from a cosmic-ray muon detector. The 
simulation showed that the AD 8099 is highly effective in amplifying pulses down to the 100 nV 
input range, with amplifications of 10-20 times in the case of the one-stage amplifier and 150-
400 times in the case of the two-stage amplifier. The simulation also showed reasonable levels of 
pulse widening down to the 100 nV input range, with the pulse widening by no more than twice 
its original width in the one-stage configuration and no more than three times its original width 
in the two-stage configuration. At input pulse voltages below 100 nV the performance of the AD 
8099 begins to degrade.  Offset voltages were found to be stable for all pulse shapes and input 
voltages investigated in both one-stage and two-stage configurations. 
 






Muons are charged particles which 
are created in cosmic ray showers in the 
upper atmosphere and are long lived enough 
to be detected at the earth’s surface.1 The 
application of this is muography, a three-
dimensional density mapping of large 
structures.2,3,4,5,6,7,8,9 We have designed 
a parallel-plate apparatus which can operate 
at low voltages in ambient air and detect the 
passage of charged particles, including 
muons.10,11 When muons pass through the 
parallel plates, they ionize particles in the 
 
1. Parra and Bernal, “Estimation Cosmic-Muon Flux.” 
2. Olah et al., “Muon Detection Geophysical Applications.”  
3. Nappi and Peskov, “Imaging Gaseous Detectors.” 
4. Bonechi, D’Alessandro, and Giammanco, “Atmospheric Muons 
as Tool.” 
5. Tioukov et al., “First Muography of Volcano.” 
6. Morishima et al., “Discovery of Void in Pyramid.” 
7. Saracino and Carloganu, “Looking Volcanoes with Muons.”  
ambient air around them, and the 
resulting ions then drift 12towards the plates 
which have a voltage applied to them. From 
this ion drift a very small current can be 
detected with a size ranging 
from picoamperes to femtoamperes. 
Because of the very small size of 
this current, it will have to be amplified by 
several orders of magnitude using an 
operational amplifier.12 To test if this 
amplifier is suitable for our application, an 
electronics simulation called LT Spice was 
used to model a 20-times gain for both one 
8. Cimmino et al., “Muography for the Search Cavities.”  
9. Nomura et al., “Pilot Study of Eruption.”  
10. Jewett, “Readout Electronics.”  
11. Bishop, “Design, Development and Testing.”  
12. Lin, Green, and O’Connor, “A Low Noise Single-Transistor.” 
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and two stage configurations. The circuit 
configuration for 20-times gain is specified 
by the manufacturer. The operational 
amplifier is powered by a 12 V source, and 
the input is a voltage pulse source. The 
range of trial input voltages starts at 
1 millivolt and continues to go down by 
successive orders of magnitude to 1 
nanovolt. For each of these voltages a 
trial was run using a 1 Muons are charged 
particles which are created in cosmic ray 
showers in the upper atmosphere and are 
long lived enough to be detected at the 
earth’s surface.1 The application of this is 
muography, a three-dimensional density 
mapping of large structures. 
 
II. LT Spice 
 
LT Spice is an electronics simulation 
program. It can be used to simulate a variety 
of circuits using components from the given 
library or third-party models.13,14 Although 
other studies have been done of the AD 
8099 in LT Spice, it is not an included 
component, so a model made by Analog 
Devices was imported and used to create a 
new symbol. The new symbol can then be 
used in a schematic and will operate as the 
physical AD 8099 would. There are 
different types of simulations including: 
Transient, AC Analysis, DC Sweep, Noise, 
DC Transfer, and DC Operating Point. The 
DC Operating Point was used to check that 
 
13. Brocard, The LTspice IV Simulator. 
the circuit was operational, and the 
Transient simulation was used for the pulse 
simulation. The Transient simulation is a 
non-linear, time-domain simulation.13 The 
time each pulse simulation was run for was 
varied depending on the pulse shape and 
width to best show a complete, single pulse. 
For each simulation the output pulse gain, 
width and offset voltages were measured for 
every successive order of magnitude of the 
input pulse voltage as long as the output 
pulse shape remained stable. 
 
The time each pulse simulation was 
run for was varied depending on the pulse 
shape and width to best show a complete, 
single pulse. For each simulation the output 
pulse gain, width and offset voltages were 
measured for every successive order of 
magnitude of the input pulse voltage as long 
as the output pulse shape remained stable. 
 
III. Simulation of a One Stage 
Operational Amplifier   
 
The first configuration for the 
operational amplifier was a manufacturer 
suggested circuit for one-
stage amplification.  
 
The expected gain is 20 times, per 
the manufacturer’s specifications. 
The circuit configuration is shown in Figure 
1 and Figure 2.
14. Analog Devices, “AD 8099 Datasheet.” 
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Figure 1: Manufacturer’s circuit configuration for one-
stage amplification set to 20 times gain. This image is 
from the Analog Device’s data sheet for the AD 8099. 
Figure 2: Circuit configuration for one-stage amplification set to 20 times gain. The image is a screen 
capture from the LT Spice simulation where V1 is the power source for the operational amplifier and V2 is 
the input pulse. 
3
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Using this circuit configuration in 
LT Spice a variety of input pulses, including 
a trapezoidal-shaped 1 nanosecond-wide 
pulse, a square-shaped 1 nanosecond-wide 
pulse, and a square-shaped 100 nanosecond-
wide pulse, were tested. The first pulse 
simulated was the trapezoidal-shaped, 1 
nanosecond-wide pulse, shown in 
Figure 3, which was simulated with 
decreasing input pulse voltages ranging 
from 1 mV down to 1 nV. The output pulse 
is taken from the out pin. The input pulse in 
the figure is the top plot and the output pulse 





Similar input and output pulse 
shapes and gains were observed for input 
pulse voltages down to 1 nV. The gains, as 





































Figure 3: Input (top) and output (bottom) pulses for a trapezoidal-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 millivolt. The output pulse voltage is approximately 
18 times larger than the input voltage. 
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input voltage were observed to be in the 
range of 14-18 times for the input voltages 
simulated. The width of the output pulse, as 
measured at full-width half-maximum, was 
found to be in the range of 2-4 times the 
input pulse width for the input voltages 
simulated. An offset voltage was observed 
between the input pulse and the output 
pulse, which was found to be in the range of  
2.630 μV – 2.635 μV for the input voltages 
simulated. 
 
The second pulse shape that was 
simulated was the square-shaped, 1 
nanosecond-wide pulse, shown in Figure 4, 
which was simulated with decreasing 
input pulse voltages ranging from 1 mV 





































Figure 4: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 millivolt. The output voltage is approximately 15 
times larger than the input voltage. 
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Similar input and output pulse 
shapes and gains were observed for input 
pulse voltages down to 1 nV. The gains, as 
measured by the ratio of output voltage to 
input voltage were observed to be in the 
range of 10-15 times for the input voltages 
simulated. The width of the output pulse, as 
measured at full-width half-maximum, was 
found to be in the range of 1-6 times the 
input pulse width for the input voltages 
simulated. As with the trapezoidal-
shaped pulse, there is an offset voltage 
between the input pulse and the output 
pulse, which was found to be in the range of 
2.620 μV – 2.635 μV for the input voltages 
simulated.  
 
The final simulation performed for 
the one-stage configuration was the square-
shaped, 100 nanosecond wide pulse, shown 
in Figure 5, which was simulated with 
decreasing input pulse voltages ranging 
from 1 mV down to 1 nV. 
 
 
Similar input and output pulse 
shapes and gains were observed for input 
pulse voltages down to 100 nV for the 100 
ns square-shaped pulse. The gains, as 
measured by the ratio of output voltage to 

































Figure 5: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 100 
nanoseconds wide and has an input voltage of 1 millivolt.  The output voltage is 
approximately 20 times larger than the input voltage. 
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stable for this longer pulse time, remaining 
at the nominal gain of 20 times 
amplification down to the 100 nV range and 
below. The width of the output pulse, as 
measured at full-width half-maximum, was 
also found to be very stable for the long 
pulse, with the output pulse widths 
remaining almost equal (within 10%) to the 
input pulse widths for the input voltages  
simulated. As with the trapezoidal-
shaped pulse, there is an offset voltage 
between the input pulse and the output  
pulse, which was found to be in the range of 
2.628 μV – 2.640 μV for the input voltages 
simulated. 
 
A distortion in the pulse shape was 
observed for the100 ns square-shaped pulse 
for input voltages below 100 nV. For these 
pulses, the output pulse height appeared to 
drift over the course of the pulse, leading to 
a gain which appears to change over the 
course of the pulse. An example of this 






































Figure 6: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 100 
nanoseconds wide and has an input voltage of 10 nanovolts.  The gain appears to change over 
the course of the pulse and the pulse widens slightly relative to the input pulse. 
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Figure 7 shows the amplification of 
each pulse shape for a variety of input 
voltages. The square 100 nanosecond wide 
pulse has the greatest amplification but is 
not as stable at lower input voltages due to 
the drift in the output pulse and is also not 
close to what would realistically happen for 
actual muons. The results are plotted down 
to 1 nV for the 1 ns pulse shapes and 100 nV 
for the 100 ns pulse shape. The trapezoidal-
shaped 1 nanosecond wide pulse is closer to 
the physical pulse from a muon and there is 
sufficient amplification observed for this 
pulse shape. Testing three different types of 
pulses confirms that the AD 8099 can 
operate effectively down to a 100 nanovolt 






























Trapezoid 1ns Square 1ns Square 100ns
Figure 7: Total amplification for each pulse as a function of input voltage for the one-stage amplifier. The 
x-axis is given by -10log(V0/VIN) where the reference voltage V0 is 1 mV.  In this plot the larger pulses 
which require less amplification correspond to lower values on the x-axis. 
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An output pulse that is wider than 
the input pulse is expected, but for a stable 
pulse the difference should not be very 
great. In Figure 8, the square-shaped 1 
nanosecond wide pulse widens somewhat at 
the 10 nanovolt input voltage, otherwise, the  
 
pulse shapes are stable. There is a stable 
offset voltage observed between the input 
and output pulse. This is also expected, and 
it is important that the offset voltages are 
relatively similar for each pulse. This is true, 





























Trapezoid 1 ns Square 1ns Square 100ns
Figure 8: Change in width between the input pulse and the output pulse for the one-stage 
amplifier. A change in width greater than one shows widening of the pulse. The x-axis is given by -
10log(V0/VIN) where the reference voltage V0 is 1 mV.  In this plot the larger pulses which require 
less amplification correspond to lower values on the x-axis. 
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The offset voltage for each pulse is 
approximately the same at 2.63 microvolts ± 
0.01 microvolts. The offset voltage is 
consistent for each pulse shape and width, 
which is important for the stability of the 
amplification. 
 
Overall, for the 20 times gain one-
stage configuration, the operational 
amplifier works very effectively down to 
a 100 microvolt input voltage range. Input 
voltages lower than this may 
show reduced amplification and pulse-shape 
degradation depending on their shape. 
 
IV. Simulation of a Two Stage 
Operational Amplifier 
 
The second configuration which was 
simulated in LT Spice was a 400-times gain 
two-stage amplifier consisting of two 20-
times gain one-stage amplifiers connected in 
series. The first stage of the circuit was set 
up according to the manufacturer’s 
specifications except that the output resistor 
value was decreased. The two-stage 
configuration in LT Spice is shown in 























Trapezoid 1ns Square 1ns Square 100ns
Figure 9: Comparison of the offset voltage between the input and output pulses for the one-stage 
amplifier. The x-axis is given by -10log(V0/VIN) where the reference voltage V0 is 1 mV.  In this plot 
the larger pulses which require less amplification correspond to lower values on the x-axis. 
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Using this circuit configuration in 
LT Spice, a variety of input pulses, 
including a trapezoidal-shaped 1 
nanosecond-wide pulse, a square-shaped 1 
nanosecond-wide pulse, and a square-shaped 
100 nanosecond-wide pulse, were tested. 
The output pulse is taken from the out pin of 
the second AD 8099. The input pulse 
is shown as node V(n003) and the output 
pulse is shown as node V(n005). The first 
pulse type simulated was a trapezoidal-
shaped, 1 nanosecond-wide pulse shown in 
Figure 12.
Figure 10: Circuit configuration for two-stage amplification, using the manufacturer’s one-stage circuit 
configuration, set to 400 times gain. This image is from the Analog Device’s data sheet for the AD 8099. 
 
Figure 11: This figure shows the circuit configuration for two-stage amplification 
set to 400 times gain. The image is a screen capture from the LT Spice simulation 
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Similar input and output pulse 
shapes and gains were observed for input 
pulse voltages down to 10 nV. The gains, as 
measured by the ratio of output voltage to 
input voltage were observed to be in the 
range of 250-300 times for the input 
voltages simulated. The width of the output 
pulse, as measured at full-width half-
maximum, was found to be in the range of 
2.5-3.0 times the input pulse width for the 
input voltages simulated. An offset voltage 
was observed between the input pulse and 
the output pulse, which was found to be in 
the range of 2.94 μV – 2.95 μV for the input 
voltages simulated. At input pulses below 10 
nV the shape of the output pulse becomes 
distorted as can be seen in Figure 13 for an 
input pulse height of 1 nV, where the output 



































Figure 11: Input (top) and output (bottom) pulses for a trapezoidal-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 millivolt. The output voltage is approximately 250 
times larger than the input voltage. 
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The second pulse simulated for the 
two-stage amplifier was a square-shaped, 1 




































Figure 12: Input (top) and output (bottom) pulses for a trapezoidal-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 nanovolt. The change in the output pulse shape is 
clearly visible at this voltage. 
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As in the case of the trapezoidal-
shaped pulse, similar input and output pulse 
shapes and gains were observed for input 
pulse voltages down to 10 nV in the two-
stage system. The gains, as measured by the 
ratio of output voltage to input voltage were 
observed to be in the range of 120-160 times 
for the input voltages simulated. The width 
of the output pulse, as measured at full-
width half-maximum, was found to be in the 
range of 2.2-3 times the input pulse width 
for the input voltages simulated. An offset 
voltage was observed between the input 
pulse and the output pulse, which was found 
to be in the range of 2.94 μV – 2.97 μV for 
the input voltages simulated. As with the 
case of the trapezoidal-shaped input pulses, 
below 10 nV the shape of the output pulse 
becomes distorted as can be seen in Figure 
15 for an input pulse height of 1 nV, where 




































Figure 13: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 millivolt. The output voltage is approximately 150 
times larger than the input voltage. 
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the input pulse width, to the point where it 




The final pulse type modeled in LT 
Spice was a square-shaped, 100 nanosecond-



































Figure 14: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 1 
nanosecond wide and has an input voltage of 1 nanovolt. The distortion of the output pulse shape 
is clearly visible at this low input voltage. 
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For this case, similar input and 
output pulse shapes and gains were observed 
for input pulse voltages down to 100 nV in 
the two-stage system. The gains, as 
measured by the ratio of output voltage to 
input voltage were observed to be in the 
range of 400-420 times for the input 
voltages simulated. The width of the output 
pulse, as measured at full-width half-
maximum, was found to be essentially the 
same as the width of the input pulse, as can 
be expected for the long 100 ns pulse length. 
An offset voltage was observed between the 
input pulse and the output pulse, which was 
found to be in the range of 2.94 μV – 3.1 μV 
for the input voltages simulated. Below 10 
nV the shape of the output pulse began to 
become distorted as can be seen in Figure 17 
for an input pulse height of 10 nV, where the 
output pulse shape begins to change from 





































Figure 15: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 100 
nanoseconds wide and has an input voltage of 1 millivolt. The output voltage is approximately 400 
times larger than the input voltage. 
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The comparison of the 
amplifications for different pulse shapes and 
input voltages for the two-stage 
amplifier can be seen in Figure 18, with the 
results plotted down to 1 nV for the 1 ns 
pulse shapes and 100 nV for the 100 ns 
pulse shape. The maximum amplification 
that can be achieved with the two-stage 
system is observed to be gain of 400 times. 
Similar plots for the change in pulse width 
and offset voltages can be seen in Figures 19 







































Figure 17: Input (top) and output (bottom) pulses for a square-shaped input pulse that is 100 
nanoseconds wide and has an input voltage of 10 nanovolts. The distortion of the output pulse 
shape begins to be visible at this low input voltage. 
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Trapezoid 1 ns Square 1 ns Square 100 ns
Figure 16: Total amplification for each pulse as a function of input voltage for the two-stage amplifier. 
The x-axis is given by -10log(V0/VIN) where the reference voltage V0 is 1 mV. In this plot the larger 
pulses which require less amplification correspond to lower values on the x-axis. 
 
Figure 19: Change in width between the input pulse and the output pulse for the two-stage amplifier. A 
change in width greater than one, shows widening of the pulse. The x-axis is given by -10log(V0/VIN) 
where the reference voltage V0 is 1 mV.  In this plot the larger pulses which require less amplification 
correspond to lower values on the x-axis. 
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Overall, for the 400-times nominal 
gain two-stage operational amplifier, this 
configuration works very well for different 
pulse shapes with input voltage values as 
low as 100 nanovolts. The amplification 
from this configuration will provide at least 
two orders of magnitude of gain and will be 
sufficient for the intended application of the 




The simulation study showed that the 
AD 8099 operational amplifier has the 
capability to amplify different pulse shapes 
and pulse width very well for our intended 
range of pulse widths and input voltages 
down to 100 nV. The LT Spice study shows 
that the AD 8099 operational amplifier is 
well suited to amplify a small ionization 
current by at least two orders of magnitude. 
For the one-stage configuration the 
amplification seen is 10-20 times that of the 
input pulse, and 150-400 times for the two-
stage configuration. There is a consistent 
offset voltage between the input and output 
pulses; approximately 2.63 microvolts for 
the one-stage configuration and 2.94 
microvolts for the two-stage configuration. 
For each type of input pulse that was 
simulated the offset voltage is stable, which 
is acceptable for our application. There is 
also widening observed between the input 
and output pulse as expected, and the 
simulation shows the widening is not 
detrimentally large. For the one-stage 
configuration, the output pulse widened less 
than twice the amount of the input pulse 
width. For the two-stage configuration, the 
output pulse widened less than three times 
the amount of the input pulse width. The 
simulations also show that the amplification 
does degrade slightly at lower input 
voltages, but the output pulse shapes are 
stable down to input voltages in the 100 nV 
range. Because of these factors, the study 
shows that the AD 8099 operational 




























Trapezoid 1 ns Square 1 ns Square 100 ns
Figure 20: Comparison of the offset voltage between the input and output pulses for the two-stage 
amplifier. The x-axis is given by -10log(V0/VIN) where the reference voltage V0 is 1 mV.  In this plot the 
larger pulses which require less amplification correspond to lower values on the x-axis. 
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